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Resonances in ultracold collisions involving
heavy molecules are difficult to understand, and
have proven challenging to detect. Here we re-
port the observation of magnetically tunable Fes-
hbach resonances in ultracold collisions between
23Na40K molecules in the rovibrational ground
state and 40K atoms. We prepare the atoms
and molecules in various hyperfine levels of their
ground states and observe the loss of molecules
as a function of the magnetic field. The atom-
molecule Feshbach resonances are identified by
observing an enhancement of the loss rate coeffi-
cients. We have observed three resonances at ap-
proximately 101 G in various atom-molecule scat-
tering channels, with the widths being a few hun-
dred milliGauss. The observed atom-molecule
Feshbach resonances at ultralow temperatures
probe the three-body potential energy surface
with an unprecedented resolution. Our work will
help to improve the understanding of complicated
ultracold collisions, and open up the possibility of
creating ultracold triatomic molecules.
Understanding collisions involving molecules at the
quantum level has been a long-standing goal in chemi-
cal physics [1]. Scattering resonance is one of the most
remarkable quantum phenomena and plays a critically
important role in the study of collisions. It is very sensi-
tive to both the long-range and short-range parts of the
molecule interaction potential, and thus offers a unique
probe of the potential energy surface (PES) governing
the collision dynamics. Although scattering resonances
are well known and have been the main features in ul-
tracold atomic gases and nuclear collisions [2], they have
proven challenging to observe in molecule systems. Re-
cently, significant progress has been achieved in experi-
mentally studying resonances in cold molecular collisions
involving the light particles, e.g., H2, HD molecule or He
atom, by means of molecular beam techniques. In the
crossed-beam or merged-beam experiments, shape res-
onances or Feshbach resonances have been observed in
atom-molecule chemical reactions [3–8], atom-molecule
inelastic collisions [9–11], and molecule-molecule inelas-
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tic collisions [12, 13]. However, in these experiments, the
collision energies are still high (at Kelvin or sub Kelvin),
and thus a few partial waves contribute to the scattering
cross sections.
Ultracold molecules offer great opportunities to study
molecular collisions in the quantum regime. At ultralow
temperatures, the de Broglie wavelength of the collision
partners is much larger than the range of molecular inter-
action potential, and only the lowest possible partial wave
dominates the collision process [14, 15]. Consequently,
the collisions at ultracold temperatures are highly quan-
tum mechanical. Due to the anisotropy of the PES,
the collisions involving ultracold molecules may support
many resonances that are contributed by the rotational
and vibrational excited states [16, 17]. Therefore, it is
expected that scattering resonances can be routinely ob-
served in ultracold molecular systems. For the ultra-
cold collisions involving light molecules, the low density
of resonant states allows calculations of the scattering
resonances, and a lot of Feshbach resonances in atom-
molecule collisions [18–20] and molecule-molecule colli-
sions [16, 21] have been predicted. However, due to the
experimental difficulties in preparing the ultracold col-
liding particles, these predictions have not been tested.
The situation is much more complicated for the ul-
tracold collisions involving heavy molecules, such as
the alkali-metal-diatomic molecules in the rovibrational
ground state created from ultracold atomic gases [4, 22–
24, 26–28]. The scattering resonances involving these
heavy molecules are difficult to understand, and are
highly challenging to observe. For the reactive collisions,
the reactions are universal and the short-range losses
with a near-unity probability suppress any possible reso-
nances [15, 29]. For the nonreactive atom-molecule colli-
sions, the PES is so deep that thousands of rovibrational
states may contribute to the resonances. As a conse-
quence, the density of resonant states near the thresh-
old of the collision channel is quite high and it is not
clear whether the individual resonance is resolvable [17].
In this case, the theoretical calculation of the Feshbach
resonances is extremely difficult, especially when nuclear
spins and external fields are considered [30]. Instead, a
statistical model is adopted to explore such highly res-
onant scattering [17]. It predicts that at a temperature
of below 1 µK, for the atom-diatomic-molecule collisions,
many s-wave Feshbach resonances with an average spac-
ing of less than 1 Gauss should be observable. However,
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2the experimental observation of these resonances remains
elusive.
Here we report on the observation of magnetic Fesh-
bach resonances between ultracold 23Na40K ground-state
molecules (1Σ) and 40K atoms. The binding energies of
23Na40K (v = 0) and 40K2(v = 0) are about 5212 cm
−1
[4] and 4405 cm−1 [29], respectively. Therefore, 23Na40K
(v = 0, N = 0) + 40K collision is nonreactive, because the
reaction 23Na40K(v = 0) + 40K→ 40K2 (v = 0) + 23Na
is highly endothermic and is forbidden at ultracold tem-
peratures. The atomization energy of NaK2 is estimated
to be 7125 cm−1 [31], which gives rise to a deep PES.
The closed-channels asymptotically to the 23Na40K rovi-
brational excited states support a lot of triatomic bound
states, as illustrated in Fig. 1. Besides, the reactive
closed-channels asymptotically to the 40K2 rovibrational
states are locally open at short range and also support
many bound states. These bound states may lead to a
high density of resonant states near the threshold. We
prepare 23Na40K molecules and 40K atoms in various hy-
perfine levels of their ground states, and search for the
resonances by measuring the loss rate of the molecules
due to atom-molecule inelastic collisions as a function
of the magnetic field. The appearance of Feshbach res-
onance is identified by observing a resonantly enhanced
loss rate. We have observed three resonances at the mag-
netic fields of about 101 G.
Our experiment starts with ultracold 23Na and 40K
atomic mixture confined in a crossed-beam optical dipole
trap at a temperature of about 500 nK. There are sev-
eral broad atomic Feshbach resonances between 23Na
and 40K, which can in principle be employed to create
the ground-state molecules and to search for the atom-
molecule Feshbach resonances. There is no prior knowl-
edge about positions or widths of atom-molecule Fesh-
bach resonances. Only a statistical model gives a quali-
tative estimate the density of resonant states [17]. Al-
though these predictions can only be considered as a
qualitative guide, it indicates that there may be many
atom-molecule s-wave resonances randomly distributed
with an average spacing of less than 1 G. Therefore, in a
magnetic field range of a few Gauss, it may be possible
to observe the Feshbach resonances.
The magnetic field where we search for the atom-
molecule Feshbach resonances is in the range 99.3 < B <
103.8 G. This magnetic field range is close to a broad
atomic Feshbach resonance at 110 G. We first create
weakly bound Feshbach molecules in the atom mixture
by Raman photoassociation. The remaining 23Na atoms
are removed immediately after the Feshbach molecules
have been formed. We then transfer the molecules from
the Feshbach state to the rovibrational ground state by
means of the stimulated Raman adiabatic passage (STI-
RAP). The details of the association and the STIRAP
are given in the supplementary materials. The hyper-
fine levels of the ground states of the 23Na40K molecule
are labelled by |v,N,mINa ,mIK〉, where the vibrational
and rotational quantum numbers are v = N = 0, and
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FIG. 1: Illustration of the atom-molecule Feshbach
resonances between ground-state 23Na40K molecule
and 40K atom. (A) The potential energy surface is very
deep and thus a large number of closed-channels asymptoti-
cally to the 23Na40K vibrational and rotational excited states
can support the triatomic bound states, which give rise to a
high density of resonant states near the threshold. The in-
coming channel is 23Na40K(v = 0, N = 0)+40K in a specific
combination of hyperfine states. The atom-molecule Feshbach
resonances probe the short-range resonance spectrum. The
energy of the collision channels can be magnetically tuned.
A Feshbach resonance occurs once the energy of the incom-
ing channel coincides with the energy of a bound state. (B)
Hyperfine structure of 23Na40K ground-state molecule at a
magnetic field of 100 G. The hyperfine levels of the 23Na40K
molecule in the rovibrational ground state of the 1Σ singlet
potential are split due to the nuclear Zeeman effects. The nu-
clear spin projections mINa and mIK are approximately good
quantum numbers. The hyperfine levels that are used in the
current experiment are marked by thick lines.
mINa and mIK are the nuclear spin projections of
23Na
and 40K, respectively. In our experiment, the hyperfine
states |0, 0,−3/2,−2〉, |0, 0,−3/2,−1〉, |0, 0,−1/2,−3〉,
and |0, 0,−1/2,−2〉 can be populated by choosing proper
intermediate states and polarizations of lasers. The hy-
perfine structure of the ground-state molecule is shown
in Fig. 1. After the ground-state molecules are prepared,
the 40K atoms are transferred to different hyperfine states
|f,mf 〉K = |9/2,mf 〉 with mf = −9/2, ...,−1/2 by the
3radio frequency pulses. In this way, twenty different com-
binations of the atom and molecule hyperfine states can
be prepared.
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FIG. 2: The decay of 23Na40K molecule in the atom-
molecule mixture. The time evolutions of the number of
the molecules are recorded. The loss rate coefficients are
extracted from the measured decay rate. As a reference,
the decay of the pure molecule gas is also shown. For the
|0, 0,−3/2,−2〉 + |9/2,−7/2〉 collision, it can be clearly seen
that the loss rates are dependent on the magnetic field. Error
bars represent ±1 s.d.
The 23Na40K molecules will decay due to the two-
body hyperfine-changing inelastic collisions with the 40K
atoms, since the atoms and molecules are in the excited
hyperfine states. We record the time evolution of the
number of the molecules, as shown in Fig. 2. After a cer-
tain hold time, the number of the remaining ground-state
molecules is measured by transferring the molecules back
to the Feshbach states, which are detected by the absorb-
tion imaging. The typical lifetime of the molecules in the
atom-molecule mixture is on the order of 10 ms. This
is much shorter than the lifetime of the pure molecule
gas, which is larger than 100 ms. Therefore, the decay of
the molecule in the mixture is dominantly caused by the
23Na40K+40K two-body inelastic collisions.
The decay of the molecules may be described by
N˙m = −γNm, where Nm is the number of molecules, and
γ = βn¯a is the decay rate, with β and n¯a being the loss
rate coefficient and the mean density of the 40K atoms,
respectively. The mean atomic density may be calculated
by n¯a = ((mK ω¯
2))/(4pikBTK))
3/2Na, with ω¯ the geomet-
ric mean trapping frequencies of the 40K atoms, kB the
Boltzmann constant, TK the temperature, and Na the
number of 40K atoms. In our experiment, the number of
40K atoms is about one order of magnitude larger than
that of the molecules, and thus the mean density n¯a is
approximately a constant. In this case, the loss rate coef-
ficient β may be extracted from the measured decay rate
γ and the atomic mean density n¯a.
We search for the atom-molecule Feshbach resonances
in twenty different incoming collision channels. For each
channel, we measure the loss rate coefficient as a func-
tion of the magnetic field. By varying the magnetic field,
we expect the energy differences between the triatomic
bound states and the threshold of the incoming scattering
channel will be changed. If a triatomic bound state inter-
sects the threshold of the scattering channel and the cou-
pling between the bound state and the scattering state is
strong, a Feshbach resonance may occur. The Feshbach
resonances are identified through the strongly enhanced
loss rate coefficients [2, 17].
In the experiment, we first coarsely scan the magnetic
field with a step of about 1 G. If a signature of Fes-
hbach resonance appears, we reduce the scanning step
to about 0.1-0.2 G. We find the loss rate coefficients
are different for various collision channels. For each
channel, in most cases, the loss rate coefficients do not
change significantly in the magnetic field range. However,
in the |0, 0,−3/2,−2〉 + |9/2,−3/2〉, |0, 0,−3/2,−2〉 +
|9/2,−7/2〉, and |0, 0,−1/2,−3〉 + |9/2,−7/2〉 collision
channels , the loss rate coefficients show prominent fea-
tures at about 101 G, as shown in Fig. 3. We attribute
these loss features to the resonant enhancement of the
inelastic collisions due to the s-wave atom-molecule Fes-
hbach resonance. The resonance positions and widths
obtained by the Gaussian fits are listed in Table 1.
incoming collision channel B0 (G) ∆B (G)
|0, 0,−3/2,−2〉+ |9/2,−3/2〉 101.4 0.6
|0, 0,−3/2,−2〉+ |9/2,−7/2〉 101.1 0.2
|0, 0,−1/2,−3〉+ |9/2,−7/2〉 101.0 0.2
TABLE I: The Feshbach resonance position B0 and width ∆B
obtained by the Gaussian fits for the three incoming collision
channels.
The observations of the Feshbach resonances allow us
to compare with the density of resonant states estimated
from the statistical model. For the 23Na40K+40K col-
lision studied in our experiment, neglecting the nuclear
spins, the density of resonant states are estimated to be
about 1.22 per mK [17]. If the nuclear spins are consid-
ered, the density of resonant states is multiplied by a fac-
tor of Nnuc, where Nnuc is the number of spin states that
conserve the total magnetic quantum number. Assume
the short-range physics does not change with the mag-
netic field, the resonance spectrum is probed with a rate
of the Zeeman shift of the scattering channel [17]. These
arguments predict many s-wave resonances with an av-
erage spacing of about 1 G for the three collision chan-
nels. However, in the approximate 4-G-wide magnetic
field range, we observe only a single resonantly enhanced
loss feature in each collision channel. This suggests that
the density of resonant states may be not as large as the
statistical model predicts. One possible reason is includ-
ing the nuclear spin by simply multiplying Nnuc is not
appropriate. Besides, the magnetic field dependence of
the energy of the triatomic bound states is not considered
in the model. Note that we cannot exclude the possibil-
ity that some resonant states are not observed because
of the weak coupling between the bound states and the
scattering states.
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FIG. 3: Observations of the atom-molecule Feshbach
resonances in the loss rate coefficients. The loss rate co-
efficients are plotted as a function of the magnetic field. The
collision channels are (A) |0, 0,−3/2,−2〉+|9/2,−3/2〉,
(B) |0, 0,−3/2,−2〉+|9/2,−7/2〉, and (C)
|0, 0,−1/2,−3〉+|9/2,−7/2〉. For these three channels,
the resonantly enhanced loss rate coefficients at about 101 G
provide the clear evidences of the atom-molecule Feshbach
resonances. The solid lines are the Gaussian fits. Error bars
represent ±1 s.d.
It is interesting to compare the widths of the observed
Feshbach resonances and the number of open channels
N0, which is precisely determined for each incoming col-
lision channels. The statistical model in Ref. [17] pre-
dicts that the width of the resonance is proportional to
the number of open channels. For the |0, 0,−3/2,−/2〉+
|9/2,−3/2〉 incoming channel, we have N0 = 15. For the
|0, 0,−3/2,−2〉 or |0, 0,−1/2,−3〉 + |9/2,−7/2〉 incom-
ing channels, we have N0 = 7 or 6. The fitted width of
the first resonance is larger than the widths of the latter
two resonances. This agrees with the predictions. How-
ever, the three resonances are all resolvable, which is not
consistent with the predictions that for N0 > 2pi, the
resonances start to overlap and may be not resolvable.
In conclusion, we have observed magnetically tun-
able Feshbach resonances in ultracold collisions be-
tween 23Na40K ground-state molecules and 40K atoms.
The unprecedented controllability offered by the ultra-
cold molecule allows us to observe the atom-molecule
resonances in ultracold collisions involving the heavy
molecules. Different from the molecular system where
resonances are observed in cold collisions involving light
particles, in our system, the reduced mass of 24.4 atomic
units is pretty large, and the temperature of less than 1
µK is lower by at least 4 orders of magnitude. In such a
heavy and ultracold system, there may be a lot of reso-
nances in a magnetic field range of a few hundred Gauss,
albeit the density of resonant states may be not as high
as the statistical model estimates. The magnetic field
range in the current experiment is close to the atomic
Feshbach resonance, and we expect more atom-molecule
resonances can be observed in different magnetic fields.
The observation of more resonances will enable the study
of the quantum chaos in the ultracold molecular collisions
[17].
The observed atom-molecule Feshbach resonances at
ultracold temperatures probe the short-range resonance
spectrum with an unprecedented solution, and provide
valuable information of the PES governing the colli-
sion dynamics. However, understanding these resonances
quantitatively is quite a challenge to the theory. The
accuracy of the PES has to be significantly improved.
Although 23Na40K+40K collision is nonreactive, a full
treatment of the collision dynamics must use reactive for-
malism, because the closed channels asymptotic to the
reaction channels are locally open at short range [30].
Moreover, nuclear spins, hyperfine interactions and ex-
ternal magnetic fields should be considered in the cal-
culation. The observation of Feshbach resonances opens
up the exciting possibility of studying resonantly inter-
acting atom-molecule mixture. The resonances may also
be employed to create ultracold triatomic molecules from
the atom-molecule mixture using the magnetic associa-
tion [2].
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6Supplementary materials
Creation of weakly bound Feshbach molecules
Our experiment starts with approximately 3×105 23Na
and 1.6× 105 40K atoms confined in a crossed-beam op-
tical dipole trap at a temperature of about 500 nK. The
trap frequencies for 40K atoms are 2pi×(247, 237, 69) Hz.
The details of the preparation of the ultracold mixture
can be found in our previous work [1, 2]. The atomic
Feshbach resonance between the |f,mf 〉Na = |1, 1〉 and
|f,mf 〉K = |9/2,−7/2〉 states at about 110 G [3] is em-
ployed to create weakly bound Feshbach molecules. The
Feshbach molecules are created by two-photon Raman
photoassociation method. We use two blue-detuned Ra-
man light fields to couple the free scattering state to the
Feshbach molecule state with a single-photon detuning
of ∆ ≈ 2pi × 251 GHz. The Raman Rabi frequency
for the |9/2,−5/2〉 → |9/2,−7/2〉 transition is about
2pi × 90 kHz. The efficiency of Raman photo-association
is about 15%. Typically, we create about 2.3 × 104 Fes-
hbach molecules. After the formation of the Feshbach
molecules, the Na atoms are removed by transferring the
|1, 1〉 to |2, 2〉 state and then blasting out by resonant
light.
Stimulated Raman adiabatic passage
The level scheme of the stimulated Raman adiabatic
passage is shown in Fig. S1. The pump laser is a tapered
amplified diode laser (805 nm) and the Stokes laser is a
tapered amplified second-harmonic generation laser (567
nm). The pump laser and the seed light of the Stokes
laser are locked to an ultralow expansion (ULE) cavity
with a finesse of about 7500 for 805 nm and 9100 for 1134
nm, respectively. The laser linewidth are estimated to be
about 1 kHz.
To transfer the Feshbach molecule to the rovibrational
ground state, we employ the mixture of B1Π |v = 12, J =
1〉 and c3Σ |v = 35, J = 1〉 molecule electronic excited
states [4] as the intermediate states. The hyperfine struc-
ture of the electronic excited state manifold has been ex-
tensively investigated in Ref. [5, 6]. Starting from the
Feshbach molecule, the different hyperfine levels of the
ground states can be populated by choosing the different
hyperfine levels of the electronic excited states and the
polarizations of the Stokes and pumping lasers. In Table
S1, we list the hyperfine ground states used in this work,
and the corresponding intermediate states for the STI-
RAP and the required polarization of the Stokes lasers
and pumping lasers. The hyperfine levels of the electronic
excited states may be labelled by the quantum numbers
F1 = INa + J and F = F1 + IK [5, 6]. Since for the elec-
tronic excited state the hyperfine interaction between the
nuclear spin of 40K atom and the electron spin is small,
the quantum numbers F1, mF1 , and m
e
F = mF1 + m
e
IK
are approximately good quantum numbers.
Feshbach state
ground state
Intermediate state
pump
Stokes
567nm
805nm
FIG. S1: The 23Na40K molecules are transferred from the
Feshbach state to the rovibrational ground state by the stim-
ulated Raman adiabatic passage. The wavelengths of pump
laser and the Stokes laser are 805 nm and 567 nm respectively.
The 23Na40K molecule in the rovibrational ground has
36 hyperfine states, labelled by |0, 0,mINa ,mIK〉 with
mINa = −3/2, ..., 3/2 and mIK = −4, ..., 4. At B =
100 G, the energy difference between |0, 0,mINa ,mIK〉
and |0, 0,mINa − 1,mIK〉 is approximately 112 kHz,
and the energy difference between |0, 0,mINa ,mIK〉 and
|0, 0,mINa ,mIK +1〉 is approximately 24 kHz. The hyper-
fine structures of the ground state molecules are shown
in Fig.1 of the main text.
In our experiment, the Stokes laser is pi polarized.
The required polarization of the pump laser is pi for the
meF = −5/2 intermediate state or σ+ for meF = −7/2 in-
termediate state. Due to the limitation of the experimen-
tal configuration, both Stokes and pump lasers propagate
perpendicular to the magnetic field. In this configura-
tion, the pi polarization is achieved by setting the polar-
ization of the laser parallel to the magnetic field. The σ+
polarization is applied by setting the polarization of the
laser to xˆ = (σ+ + σ−)/
√
2 linear polarization. The σ−
component will also couple the Feshbach molecule to the
meF = −3/2 hyperfine level of the electronic excited state.
However, a detailed calculation shows the Rabi frequency
between the Feshbach state and the meF = −7/2 inter-
mediate state is about 4 times larger than the Rabi fre-
quency between the Feshbach state and the meF = −3/2
hyperfine state. Therefore, the STIRAP with a pi/xˆ po-
larization will dominantly transfer the Feshbach molecule
to the desired hyperfine ground state via the meF = −7/2
intermediate state. The Rabi frequencies for Stokes and
pump light are both about 1 MHz and the efficiency of
round-trip STIRAP is about 15-20%. We use a low Rabi
frequency to ensure a high degree purity of the hyperfine
ground states.
7hyperfine ground state intermediate state meF = required polarization
mF1 +m
e
IK
Stokes/pump
|0, 0,−1/2,−2〉 F1 ≈ 1/2,mF1 ≈ −1/2,meIK ≈ −2 -5/2 pi/pi
|0, 0,−1/2,−3〉 F1 ≈ 1/2,mF1 ≈ −1/2,meIK ≈ −3 -7/2 pi/σ+|0, 0,−3/2,−1〉 F1 ≈ 3/2,mF1 ≈ −3/2,meIK ≈ −1 -5/2 pi/pi
|0, 0,−3/2,−2〉 F1 ≈ 3/2,mF1 ≈ −3/2,meIK ≈ −2 -7/2 pi/σ+
TABLE S1: The hyperfine ground states, the corresponding intermediate states, and the required polarizations of the lasers.
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FIG. S2: The measured loss rate coefficients as a function of the magnetic field in all the twenty collision channels. Error bars
represent ±1 s.d.
Loss rate coefficients
The loss rate coefficients as a function the magnetic
field in all the twenty collision channels are shown in the
Fig. S2. Besides the three narrow resonances, the loss
rate coefficients in the |0, 0,−1/2,−3〉+ |9/2,−5/2〉 col-
lision channel are unusually large in the whole magnetic
field range. Further experimental work is needed to iden-
tify whether this is a broad Feshbach resonance.
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